The formation mechanisms of the complex Ca-rich ferrite phase SFCA-I, an important bonding material in iron ore sinter, during heating of synthetic sinter mixtures in the temperature range 298-1 623 K in air and at pO2 = 5 × 10 -3 atm, were determined using in situ X-ray powder diffraction. In air, the initial formation of SFCA-I at ~1 438 K (depending on composition) was associated with reaction of precursor phases Fe2O3, CaO·Fe2O3, SiO2, amorphous Al-oxide and a CFA phase of approximate composition 71.7 mass% Fe2O3, 12.9 mass% CaO, 0.3 mass% SiO2 and 15.1 mass% Al2O3. At temperatures above ~1 453 K, the decomposition of another phase, γ -CFF, resulted in the formation of additional SFCA-I. At lower oxygen partial pressure the initial formation of SFCA-I occurred at similar temperatures and was associated with reaction between similar phases as its formation in air. However, the decomposition of γ -CFF did not result in the formation of additional SFCA-I, with the maximum SFCA-I concentration (25 mass%) lower than the values attained in air (54 and 34 mass%). Hence, more oxidising conditions appear to favour the formation of the desirable SFCA-I phase.
Introduction
A number of investigations [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] have aimed to determine the formation mechanisms of 'SFCA' (Silico-Ferrite of Calcium and Aluminium) complex Ca-rich ferrite iron ore sinter bonding phases. SFCA phases are key components of industrial iron ore sinter, and increased understanding of their formation mechanisms has the potential to improve the efficiency of the sintering process by i) being able to predict the optimal sintering conditions (e.g. temperature, oxygen partial pressure) to produce high-quality product based on the chemical composition and physical characteristics of a given starting iron ore sinter mixture, and ii) being able to predict the chemical and physical modifications of a particular starting iron ore sinter mixture that are required to produce high-quality product.
The 'SFCA' produced in iron ore sinter has, in the past, been categorised on the basis of composition, structure and morphology into two main types. The first is a high-Fe, lowSi form called SFCA-I which has a characteristic platy (also described as acicular or needle-like) morphology. Mumme et al. 11) reported that an SFCA-I phase found in industrial plant sinter contained 84 mass% Fe2O3, 13 mass% CaO, 1 mass% SiO2 and 2 mass% Al2O3, and successfully synthesised material with the SFCA-I structure which had the composition 83.2 mass% Fe2O3, 12.6 mass% CaO and 4.2 mass% Al2O3. The SFCA-I crystal structure (space group = , a = 10.43, b = 10.61, c = 11.84 Å, α = 94.14, β = 111.35, γ = 110.27°) was determined from a crystal with the latter composition. McAndrew and Clout 12) suggested that a texture of intersecting microplates characteristic of SFCA-I imparts high strength and reducibility into iron ore sinter, and sinters containing significant amounts of this phase are considered to be of high quality.
The second 'SFCA' type is a low-Fe form that is simply referred to as SFCA, and which exhibits a prismatic or columnar morphology. SFCA found in industrial plant sinters typically contains 60-76 mass% Fe2O3, 13-16 mass% CaO, 3-10 mass% SiO2, 4-10 mass% Al2O3 and 0.7-1.5 mass% MgO. 13, 14) Patrick and Pownceby 15) systematically resolved the equilibrium solid solution range and thermal stability of SFCA within the quaternary system Fe2O3-CaO-SiO2-Al2O3 in air at 1 513-1 663 K. Such a rigorous investigation of solid solution limits and thermal stability has not been performed for SFCA-I. However, based on the work of Mumme et al., 11) it is expected that the solid solution range would be narrower in comparison with SFCA.
In one of the most recent of the mechanistic investigations, Webster et al. 9) implemented in situ X-ray diffraction (XRD) in order to characterise the reaction sequences in the formation of SFCA phases from synthetic starting mixtures © 2013 ISIJ in the temperature range 298-1 623 K and at an oxygen partial pressure (pO2) of 5 × 10 -3 atm. The selection of the pO2 was based on the work of Hsieh and Whiteman, 2) where it was shown that a pO2 of 5 × 10 -3 atm maximised the formation of Ca-rich ferrite phases, whilst producing mineral assemblages similar to those found in industrial sinters. It was shown by Webster et al. 9) that during heating, SFCA-I formation at ~1 373 K was associated with reaction between Fe2O3, SiO2 and Al2O3-substituted dicalcium ferrite [designated C2(F1-xAx)]. In comparison, SFCA formation occurred at ~1 433 K and was associated with reaction between calcium ferrite (i.e. CaO·Fe2O3, designated CF), SiO2, and a phase designated CFA which had average composition 71.7 mass% Fe2O3, 12.9 mass% CaO, 0.3 mass% SiO2 and 15.1 mass% Al2O3. Whilst the initial formation of SFCA was determined to be independent of SFCA-I, at higher temperatures the breakdown of SFCA-I was associated with formation of additional SFCA. Equations (1) and (2) (unbalanced) summarise the reactions involved in the formation of SFCA-I and SFCA determined by Webster et al. 9) (the '±' in Eq. (2) represents the initial formation of SFCA being independent of SFCA-I). In a follow-up investigation, Webster et al. 10) used similar methodology to determine the effect of oxygen partial pressure, in the range 0.21 to 1 × 10 -4 atm, on the formation mechanisms of the SFCA phases. In air, SFCA-I and SFCA formed according to the mechanisms summarised in Eqs. At the more reduced oxygen partial pressure of pO2 = 1 × 10 -4 atm, however, SFCA-I did not form. Instead, a Ca-rich phase designated CFAlSi and having a composition of 71.6 mass% Fe2O3, 24.1 mass% CaO, 0.3 mass% SiO2 and 2.4 mass% Al2O3 formed at ~1 423 K. By ~1 453 K this phase had decomposed to form melt and a small amount of SFCA. Equations (5) and (6) In both of the Webster et al. 9, 10) studies, and also in the earlier in situ XRD studies of Scarlett et al., 7, 8) the starting sinter mixture compositions were all located within the SFCA composition domain established by Patrick and Pownceby. 15) Subsequently, it was hypothesised that by altering the composition of the starting sinter mixtures to those established by Mumme et al. 11) to be within the SFCA-I compositional domain, the reaction mechanisms may be altered. The current investigation was designed to test this hypothesis, through a series of in situ XRD and heat/quench experiments under both oxidizing (pO2 = 0.21 atm) and more reducing (pO2 = 5 × 10 -3 atm) conditions, in order to characterize the phase evolution in sinter mixtures specifically designed to form the more desirable SFCA-I phase.
Experimental

Starting Sinter Mixture Preparation
The starting sinter mixtures had compositions of 83.2 mass% Fe2O3, 12.6 mass% CaO and 4.2 mass% Al2O3 (designated SFCA-I-a); and 84 mass% Fe2O3, 13 mass% CaO, 1 mass% SiO2 and 2 mass% Al2O3 (SFCA-I-b). They were prepared from fine grained (< 20 μ m) synthetic hematite, Fe2O3 (Acros Organics, 99.999%), calcite, CaCO3 (Thermo Fisher, 99.95%), quartz, SiO2 (Sigma Aldrich, 99.995), and gibbsite, Al(OH)3 (Alcan OP25 Super White, 99.9%). These were mixed under acetone in a mortar and pestle to ensure homogeneity.
In Situ XRD
In situ XRD experiments were performed using an INEL diffractometer, which incorporates a CPS120 position-sensitive detector allowing for simultaneous collection of up to 120° 2θ of diffraction data. The Co X-ray tube was operated at 40 kV and 35 mA. An Anton Paar model HTK 10 high temperature chamber, employing a platinum resistance strip heater, was positioned on the instrument. A slurry of the sinter sample mixture and ethanol was prepared and placed into the sample well, measuring approximately 20 × 7 × 0.2 mm deep, on the platinum heater. Three in situ experiments were performed: one for each of the SFCA-I-a and SFCA-I-b mixtures in air, referred to hereafter as "SFCA-I-a-air" and "SFCA-I-b-air"; and one for the SFCA-I-b mixture at pO2 = 5 × 10 -3 atm (i.e. "SFCA-I-b-0.005"). Compressed air, and a gas cylinder containing 0.5% O2 in N2 (Coregas), were used to achieve the desired atmospheres. The Anton Paar chamber was purged for 30 min by a flow (~1 L min -1 ) of the designated gas, after which the sample was heated under a continuous flow of the gas.
A heating rate of 20 K min -1 was used from 298 to 873 K (approaching the decomposition temperature of CaCO3), then a rate of 10 K min -1 to 1 623 K was used during the period of SFCA-I phase formation and melting. The temperature was measured by a Pt/PtRh10% thermocouple connected to the underside of the platinum strip. In situ XRD data were collected throughout heating, with individual datasets collected for 0.5 min. Data were collected in asymmetrical diffraction geometry with a fixed incident beam angle of 10°, over the range 10° ≤ 2θ ≤ 112°. Temperatures were automatically recorded at the start of each dataset. Where absolute temperature values are quoted throughout the remainder of the manuscript, the uncertainty in these values was the difference between the temperatures at the start of successive datasets. The magnitude of the uncertainty, therefore, varied according to the heating rate and was ~10 and 5 K for the 20 and 10 K min -1 heating regimes, respectively.
In Situ XRD Data Analysis
The decomposition of precursor phases and the formation of new phases as the experiments progressed was visualised by stacking the datasets to produce plots of accumulated data with temperature plotted vs 2θ, viewed down the intensity axis. For the purpose of extracting phase abundances as a function of temperature, Rietveld refinement-based quantitative phase analysis (QPA) was performed using TOPAS. 16) The crystal structure information provided in Blake et al., 17) Fe O C (F A ) SiO SFCA-I 
Maslen et al., 18) Saalfeld and Wedde, 19) Lager et al., 20) Oftedal, 21) Bersetegui et al., 22) Decker and Kasper, 23) Arakcheeva and Karpinskii, 24) Mumme et al. 11) and Hamilton 25) was used for Fe2O3, CaCO3, Al(OH)3, SiO2, CaO, C2(F1-xAx), CF, γ-CFF, SFCA-I and Fe3O4, respectively. Corrections to account for sample displacement errors and to scale peak intensities in the asymmetrical diffraction geometry were incorporated into the TOPAS refinement algorithm.
26)
The use of the Hill & Howard 27) QPA algorithm embodied in TOPAS returns relative, rather than absolute, concentrations for crystalline phases in a system if amorphous material, including melt phases, are present. In order to determine the absolute phase concentrations (in mass%) as a function of temperature, the 'external standard' approach 28) embodied in Eq. (7) (7) Here, Wi is the mass% of phase i, Si is the Rietveld scale factor, ZM is the unit-cell mass, V is the unit-cell volume, is the mass absorption coefficient of the entire mixture, and K is a scaling factor used to put Wi on an absolute basis. K is constant in an experiment as long as the experimental conditions do not change, and was calculated using i) the known concentrations of Fe2O3, CaCO3, SiO2 and Al(OH)3 in the starting mixture, and ii) the Rietveld-refined scale factors for Fe2O3, CaCO3, SiO2 and Al(OH)3 in the first dataset collected at 25°C, using Eq. 
Heat/Quench Experiments and Ex Situ
Characterisation Laboratory heat/quench experiments were performed to investigate in more detail the key phases revealed by the in situ XRD experiments. For these experiments, 0.5 g of the starting sinter mixture was pelletised and heated at temperature for 3 hr in a platinum crucible in a vertical tube furnace under the required atmosphere. The temperature adjacent to the crucible was measured using a Pt/PtRh13% thermocouple connected to an ice-point cell, and temperatures are considered accurate to ± 10 K. Samples were rapidly quenched by dropping the crucible to the cold end of the furnace; the furnace atmosphere (air or pO2 = 5 × 10 -3 atm) was constant throughout the quench procedure. Samples were crushed and a small piece was collected and prepared for ex situ scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS) and electron probe microanalysis (EPMA).
SEM was performed using a FEI Quanta 400 Field Emission Environmental Scanning Electron Microscope operated at an accelerating voltage of 15 kV and a working distance of 10 mm. EDS was performed using a Bruker XFlash 5010 Si-drift EDS detector. EPMA was performed using a JEOL JXA-8900F Superprobe. Fe2O3, wollastonite (CaSiO3, CS) and "Magalox" (a synthetic spinel, composition MgAl2O4) were used as standards for the microprobe analyses which were conducted in wavelength dispersive mode using an accelerating voltage of 12 kV, a beam diameter of < 1 μ m and counting times of 15 sec on the peak (7.5 sec on the background). Figures 1(a) situ XRD data for the experiments SFCA-I-a-air, SFCA-Ib-air and SFCA-I-b-0.005, respectively. The low-temperature (<1 123 K) phase decomposition and transformation events in each case are very similar to those reported previously by Webster et al. 9, 10) and are discussed only briefly here. In each experiment Al(OH)3 decomposed to amorphous Al-oxide and the decomposition was complete bỹ 553 K. For the SFCA-I-b-air experiment, where the starting sinter mixture contained 1 mass% SiO2, the transformation of α-SiO2 to β-SiO2 occurred at 839 K which is in good agreement with the 846 K reported by Kihara 29) and gives confidence in the accuracy of the temperature measurement. In each experiment decomposition of CaCO3 to CaO was complete by ~898 K. The first Ca-rich ferrite to form was C2(F1-xAx) at ~1 053 K, followed by CF and CFA together at ~1 233 K.
Results and Discussion
Phase Evolution
For each of the SFCA-I-a-air, SFCA-I-b-air and SFCA-Ib-0.005 experiments the next phase to form, at 1 396, 1 405 and 1 384 K, respectively, was one which was isostructural with the γ-CFF phase reported by Arakcheeva and Karpinskii, 24) (Ca3.0Fe14.82O25; ICDD entry no. 1-078-1675; hexagonal unit cell, a = 5.985, c = 15.748 Å). Mumme et al. 11) previously showed the location of this phase within phase diagrams for the Fe2O3/Al2O3-CaO-FeO and Fe2O3/ Al2O3-CaO-SiO2 systems. The formation of γ-CFF is a significant difference between the present results and those described previously by Webster et al. 9, 10) and Scarlett et al. 7, 8) for mixtures with compositions designed to form SFCA and for which the reaction mechanisms given by Eqs.
(1)-(4) applied.
In each experiment the next phase to form was SFCA-I. For the SFCA-I-a-air experiment SFCA-I was first observed at 1 442 K, and was present until it melted to form a Fe2O3 + melt phase assemblage at 1 554 K. As the temperature increased further the Fe2O3 transformed to Fe3O4 producing a Fe3O4 + melt phase assemblage. The spotty nature of some of the Fe2O3 and Fe3O4 reflections at T > 1 498 K is caused by poor particle statistics and, most likely, preferred orientation of the relatively small number of crystallites dispersed in a larger amount of melt. Hence, QPA was not performed for temperatures above 1 573 K. It is possible that translating the sample stage back and forth in the sample plane would alleviate these effects, but that was not possible on this instrument. Similar phases and phase assemblages were observed for the SFCA-I-b-air experiment, but with a narrower thermal stability range of SFCA-I before melting (1 433-1 514 K). The lower melting point for the SFCA-I-b sample, which has the lower Al2O3 concentration, is consistent with the results of Webster et al.
9)
The reduction of Fe2O3 to Fe3O4 at T = 1 594 K and T = 1 603 K for SFCA-I-a-air and SFCA-I-b-air, respectively, is a further difference between this experiment and the experiment conducted in air by Webster et al., 10) where Fe2O3 remained the stable phase up to 1 623 K. Since SFCA was not observed to form in the SFCA-I-a-air and SFCA-I-b-air in situ experiments, it is suggested that these mixtures result in an increased concentration of Ca 2+ in the melt after decomposition of SFCA-I which would otherwise be incorporated into the SFCA structure in a mixture designed to form SFCA. Subsequent reaction between the Ca-rich melt and Fe2O3 increases the activity of Ca 2+ in Fe2O3 and lowers the temperature of the Fe2O3 to Fe3O4 reduction reaction 30) from the theoretical value in air of 1 682 K. 31) For the SFCA-I-b-0.005 experiment (Fig. 1(c) ), SFCA-I formed at 1 444 K and was stable until the incongruent melting of SFCA-I was complete by 1 509 K, forming the assemblage Fe3O4 + melt. The formation of Fe3O4 by incongruent melting (of SFCA) was also observed by Webster et al. 9) for experiments conducted at pO2 = 5 × 10 -3 atm .  Figures 2(a) and 2(b) show backscattered electron micrographs of the product of a heat/quench experiment performed for the SFCA-I-b mixture at 1 453 K for 3 hr at pO2 = 5 × 10 -3 atm. Note that Figs. 2(a) and 2(b) show an identical region of the sample, with the contrast and brightness settings of the electron microscope optimised in Fig. 2(a) to distinguish the compositionally similar phases SFCA-I and γ-CFF. This resulted in the region of amorphous Al-oxide having the same very dark contrast as pores, which are clearly distinguishable in Fig. 2(b) . EDS analysis confirmed the presence of Si in the regions designated as SFCA-I, and the absence of Si in the regions designated as γ-CFF. Compositional results for the phases shown in Fig, 2 (a) (and for CF which is not present in Fig. 2(a) but was observed in other regions of the sample) obtained via EPMA are summarised in Table 1 . Figure 2 Figures 3(a) and 3(b) show the Rietveld fits for the datasets collected at 298 and 1 488 K (i.e. where SFCA-I was the only phase present) during the SFCA-I-a-air experiment, respectively. The quality of the fit (χ 2 = 1.61 and 1.72, respectively) was similar for each dataset. Figure 4(a) shows the results of the Rietveld refinement-based QPA for the SFCA-I-a-air experiment, and includes the low-temperature region where decomposition of Al(OH) 3 to amorphous Al-oxide material was observed, as well as the formation of CaO through decomposition of CaCO3, the reaction of Fe2O3 and CaO to form C2(F1-xAx), and reaction of Fe2O3 and C2(F1-xAx) to form CF. Figure 4 (b) displays only the high-temperature region (>1 373 K) for this experiment, and more clearly shows the concentration curves for γ-CFF and 5 ; the formation of γ-CFF implies the presence of Fe 2+ in the system even under these oxidising conditions. The presence of Fe 2+ in SFCA-I material synthesised in air has been described recently by Webster et al., 10) with the SFCA-I composition located in close proximity to γ-CFF in Fig. 5 .
QPA and Reaction Mechanisms in Air
The initial formation of SFCA-I was also associated with a decrease in the concentration of CF and Fe2O3, and these phases were fully consumed by 1 473 K. After the concen- Table 1 ) provides additional evidence that SiO2 is consumed in the formation of SFCA-I only; ii) the incomplete consumption of Fe2O3, with 10 mass% of unreacted Fe2O3 still present when CF is fully consumed; and iii) the lower maximum SFCA-I concentration of 34 mass%. Following on from the latter observation, a starting sinter mixture with composition closer to that of SFCA-I-a compared to SFCA-I-b (i.e. with a low SiO2 content and higher Al2O3 content), should maximise the formation of the SFCA-I phase desirable for high quality iron ore sinter.
Because of the amorphous nature of the Al-oxide which formed after decomposition of Al(OH)3 at 533 K, and the inability to include CFA in the QPA for the reason described earlier, it is not possible to directly observe the fate of these phases in Figs. 4(a)-4(d) . However, SEM micrographs for the product of a heat/quench experiment performed for the SFCA-I-a sample at 1 453 K in air for 3 hr showed that, similarly to the micrograph shown in Fig. 2(a) , SFCA-I was in contact with the regions of CFA. CFA, and the Al-oxide encapsulated by the CFA phase, therefore, is most likely involved in the reaction to form SFCA-I. Equations (9) and (10) Based on a comparison of Eqs. (11) and (12) with Eqs. (1) and (2) (i.e. the reaction mechanisms for SFCA-I and SFCA, respectively, at pO2 = 5 × 10 -3 atm given in Section 1), the more Fe-rich γ-CFF and SFCA-I phases replace SFCA-I and SFCA, respectively, in the reaction sequences 11)
The unit of each axis is mass%.
Fe O CF -CFF 2 3 + →γ 
Conclusion
The formation of SFCA-I and precursor phases during heating of synthetic sinter mixtures designed to form SFCA-I in the range 298-1 623 K in air and at pO2 = 5 × 10 -3 atm, were characterised using an in situ X-ray diffraction-based methodology. Under both atmospheres the formation of SFCA-I at ~1 438 K (depending on composition) was preceded by the formation of a γ-CFF phase. In air γ-CFF formation was associated with reaction of Fe2O3 and CF, and at pO2 = 5 × 10 -3 atm through reaction of Fe2O3 and C2(F1-xAx). Under both atmospheres the initial formation of SFCA-I was associated with reaction of Fe2O3, CF, SiO2 (if present), CFA and amorphous Al-oxide, the main difference being that in air the decomposition of γ-CFF at >1 453 K resulted in the formation of additional SFCA-I which was not the case at the lower oxygen partial pressure. These experiments have shown that in order to maximise the concentration of the desirable SFCA-I phase in iron ore sinter, oxidising conditions and a mixture low in SiO2 and higher in Al2O3 are required.
